Small aquarium fish, like the medaka and zebrafish, offer an excellent opportunity to combine embryological, genetic and molecular analyses of vertebrate development. Pluripotent embryonic stem (ES) cells have enormous potential to study the totipotency and differentiation of cells and provide a bridge linking in vitro and in vivo manipulations of the genome. In this report we describe the establishment, pluripotency and differentiation of medaka ES-like cell lines (MES). The MES cells exhibit stable growth over 18 months of culture with 100 passages using defined culture conditions in the absence of feeder layer cells. They have a normal karyotype and form colonies of densely packed, alkaline phosphatase-positive cells resembling undifferentiated mouse ES cells. In suspension culture they form embryoid bodies, and under appropriate conditions, differentiate into a variety of cell types.
Introduction
Embryonic stem (ES) cell lines are undifferentiated long-term cell cultures derived from early developing embryos of animals (Evans and Kaufman, 1981; Martin, 1981) . These cells retain all developmental potentials. They can be induced to differentiate into a variety of cell types. They can, following transplantation into early embryos, participate in normal development and contribute to all tissues including the germline (Bradley et al., 1984) . Most importantly, ES cells can be manipulated and screened in culture for rare genetic events prior to germline transmission.
Therefore, ES cells provide a bridge linking in vitro and in vivo manipulations of the genome. This unique advantage of ES cells allows for the identification of genes involved in development via monitoring expression patterns of reporter constructs randomly inserted into the genome of ES cells (Friedrich and Soriano, 1991; Joyner, 1991; Pascoe et al., 1991) . Furthermore, ES cells are suited for the investigation of in vivo gene func-tion by gene targeting, i.e. the introduction of specific genetic alterations into the germline following homologous recombination in ES cells (Schwartzberg et al., 1989; Zijlstra et al., 1989) . In addition, ES cells provide an attractive strategy for the preservation of biodiversity (Hong and Schartl, 1996b) .
ES cell lines have so far been limited to mice (Evans and Kaufman, 1981; Martin, 1981; Bradley et al., 1984) and rat (Iannaccone et al., 1994) , although putative ES cell cultures have been reported in few other mammals (Doetschman et al., 1988; Notarianni et al., 1991; Sukoyan et al., 1992; Sims and First, 1993) . Most attempts to culture ES cells have been based on the original methods established for mice (Evans and Kaufman, 1981; Martin, 1981) . To prevent differentiation in culture, mouse ES cells have been derived and maintained on feeder layers (Robertson, 1987) , in conditioned media (Martin, 1981; Handyside et al., 1989) or in a medium supplemented with leukemia inhibitory factor (LIF) (Smith et al., 1988; Williams et al., 1988; Nichols et al., 1990; Pease et al., 1990; Hasty et al., 1991; Wurst and Joyner, 1993) or with LIF-related cytokines (Conover et al., 1993; Piquet-Pellorce et al., 1994; Yoshida et al., 1994) . In mammalian species other than mice and rat, however, ES cells could be cultured only for a limited period (Sims and First, 1993) or their pluripotency could only be partially maintained after long-term culture (Sukoyan et al., 1992; Campbell et al., 1996) . It has been suggested that the differentiation-inhibiting conditions suited for mice do not adequately prevent differentiation of stem cells in species other than rodents (Anderson, 1992) . Attempts towards the derivation of ES cell lines from the zebrafish (Collodi et al., 1992; Sun et al., 1995) and medakafish have achieved only partial success by using feeder layer techniques.
Results

Establishment of medaka ES-like (IVES) cell lines
We use the medakafish (Oryzias latipes) for analyzing vertebrate development. This fish offers a unique opportunity to combine embryological, genetic and molecular analyses of early vertebrate development. It is one of the smallest vertebrates (3 cm in length), easy to maintain and has a short generation time (2-3 months). Its spawning can be controlled by artificial light cycle. It daily produces numerous eggs all year round. The eggs are large (1 mm in diameter), transparent and convenient to manipulate. Fertilization occurs externally. Embryogenesis takes about 10 days. Many wild-type and mutant strains are available for genetic analyses (Tomita, 1990; Ozato and Wakamatsu, 1994) . A linkage map has been established (Wada et al., 1995) . Methods have been developed for gene transfer (Ozato et al., 1986; Chong and Vielkind, 1989; Winkler et al., 1991 Winkler et al., , 1992 , for producing embryonic chimeras (Wakamatsu et al., 1993; Winkler, Hong and Schartl, unpublished) and for large-scale mutagenesis screens (Shima and Shimada, 1991) .
Cells from strain HB32C MBEs (Fig. 1) were cultured on gelatin-coated plasticware in ESMl medium up to 60 days of culture with 6-8 passages, then grown in ESM2 medium up to 120 days of culture and eventually maintained in the LIF-free ESM3 medium (Hong and Schartl, 1996a) . Three independent cell lines were obtained from ten primary cultures. One representative line, termed MESl for medaka ES-like line 1 (Fig. l) , was used for detailed characterizations.
The MESl line displays stable growth. So far, it has been continuously cultured for 18 months with 100 passages. During this period it did not show any detectable growth crisis or senescence. It can be frozen for a long time period and recultured without detectable changes in morphology and growth. Thus, MESl represents a stable cell line. A monolayer is generally formed 4 days after subculturing at a I:3 splitting ratio. The seeding efficiency is approximately 95%. Its relative plating efficiency is 1% when seeded at five cells/cm2. The population doubling time is 48 h (Fig. 2) . Sister chromatid staining revealed a cell cycle duration of approximately 40 h (data not shown).
ME.51 cells retain a normal karyotype
In order to establish cell culture conditions that will To see if these ES-like cells have a normal karyotype allow to derive fish ES cell lines and, ultimately, to use which is a prerequisite for ES cells to contribute to functhese cell lines to produce knockout fish for the analysis tional gametes in a host, cell cultures and embryos were of gene functions in vivo, we faced two major challenges: cytogenetically analyzed. Examination of metaphases long-term cultivation of early embryonic cells and preprepared directly from 3-day-old embryos of strain vention of their spontaneous differentiation in culture.
HB32C medaka revealed that this inbred strain has a Previously, we have developed conditions for the initiachromosome number of 2n = 48 (Table I) , consistent tion and short-term cultivation of cells from medaka with the reported chromosome number for this species blastula-stage embryos (MBE) in the absence of feeder (Uwa and Ojima, 1981) . Examination of each of the three layer cells (Hong and Schartl, 1996a) . Expansion of cell lines revealed that their chromosome numbers were these MBE cell cultures has now led to the establishdistributed into two major groups ( Table 1 ). The first ment of three independent cell lines. By using procedures group had exactly 48 (75.9-79% of total counts) or more for characterizing mouse ES cells, we show that such (l&3.6%) or less (5.3-9.7%) chromosomes. The second cell lines possess all in vitro properties of mouse ES group (9.7-19%) possessed approximately 96 chromocells.
somes. The karyotype with 48 chromosomes was compa- (Table l) , most likely due to incomplete cytokinesis of isolated blastomeres. A similar portion (18%) of 4n spreads has also been encountered in a germline contributing mouse ES cell line (EFC-1) established in the absence of feeder cells (Nichols et al., 1990) .
In order to ensure an exact identification of all homologous chromosome pairs, a BrdU-EDTA-Giemsa procedure was established based on the method of Takayama and Matsumoto (1982) . This procedure revealed replication banding patterns of high quality on all chromosomes of medaka. Banding patterns of five different spreads from MESl cells were identical. This allows an unequivocal identification of 24 homologous pairs (Fig. 3 ).
MESI cells share common features with mammutian ES cells
MESl cells are small in size (10-30 pm), round or polygonal in shape, and have sparse cytoplasm and large nuclei (Fig. 1D ). This phenotype remained unchanged during long-term culture and is comparable to that of a putative medaka ES cell line on feeders and in particular, to that of mammalian ES cells (Evans and Kaufman, 1981; Martin, 1981; Nichols et al., 1990; Iannaccone et al., 1994) .
Alkaline phosphatase (AP) activity is a valuable marker for totipotent mouse cells (e.g. ES cells and primordial germ cells). Its activity is high in such totipotent cells in vitro and in vivo, but reduced or lost upon in-vitro differentiation.
Thus, it is widely used to monitor the undifferentiated state of mouse ES cell cultures (PiquetPellorce et al., 1994; Yoshida et al., 1994) . Undifferentiated medaka blastomeres and pluripotent early MBE cell cultures exhibit high AP activity (Hong and Schartl, 1996a) . A putative medaka ES cell line cultured on feeders is AP-positive . Therefore, AP staining was used for an initial characterization of MESl cell cultures. MESl cells predominantly (>95%) exhibited strong AP activity (Fig. 1E ). AP-positive cells showed an ES-like cell morphology (e.g. small, round or polygonal, cytoplasm-poor), while AP-negative cells had a differentiated phenotype (extended, cytoplasm-rich).
All ES-like cell colonies with differentiation potential (type-l colonies; see below) uniformly exhibited strong AP staining, while differentiating MESl cells showed reduced AP activity and terminally differentiated cells (pigment cells, fibroblast-and neuron-like cells) were APnegative. These data indicate that AP is also a useful marker for monitoring the undifferentiated state of ESlike cell cultures from the medaka.
MESl cells are able to form dense colonies after lO- (Fig. 5A) , and ~0.1% were rich in melanocytes. This demonstrates that ES-like cell colonies are able to give rise to differentiated cell types.
The relative number of colonies consisting purely or predominantly of AP-positive cells is remarkably lower than that of AP-positive cells in expanded cultures from ES-like cell colonies or in normal cultures of parental MESl cells. This seems to be due to an enhanced differentiation of stem cells at extremely low cell density (see below).
In vitro differentiation potential
Under normal culture conditions (maintained at normal density with regular subculturing) only a small proportion (~1%) of MESl cells show non-ES phenotypes. However, a variety of differentiated cell types can be obtained. The phenotypes and relative numbers of differentiated cells are strongly depending upon culture conditions, especially on cell density. Differentiated derivatives included neuron-like cells, fibroblast-like cells (data not shown), pigment cells, muscle cells and other unidentified cell types. Neuron-and fibroblast-like cells appeared at reduced cell density. Both types of cells became fewer and disappeared when the cells were grown at normal to high density. Neuron-like cells were recognized by long processes and evident nuclei with prominent nucleoli (Fig. 4A,B) . Pigment cells emerged only when cells were cultured at high cell density. Occasionally, l-3 days after subculturing a monolayer, up to ten melanin-rich cells were seen among 2 x lo7 cells in a lo-cm dish. They were characterized by melanin granules and a flat, starshaped morphology with numerous processes (Figs. 4C,E and 5C). Differentiation of muscle cells appeared to require a long time period of close cell-cell interactions. First, they appeared as cells arranged in parallel (Fig. 5A ) which then became bundles of multilayered cells (Fig.  5B) . Terminally differentiated muscle cells were identified by their unique morphology: giant length of up to 5OOpm, multiple nuclei and striated structures (Fig.  SC,D) .
To clarify whether differentiated cells in MESl cell cultures resulted from a selection for stable subpopulations of the MESl line or from the differentiation of stem cells, conditions for subclonal cultures were established. This allows to isolate, expand and characterize cells from single colonies. Single cells were plated at clonal density and grown for 15-20 days. This resulted in the generation of the three major types of colonies as described above. Individual colonies of different types were picked, dissociated into single cells and expanded. Cells from ES-like cell colonies predominantly gave rise to ES-like cells, with differentiated cells being less than 1%. Cells expanded from these ES-like cell colonies showed a seeding efficiency (95%) and relative plating efficiency (1%) comparable to that of the parental line. Subsequent rounds of subcloning gave identical results. This observation was consistently made with four ES-like cell colonies. In contrast, cells from two type-2 colonies exclusively produced differentiated cells. ES-like cells and their differentiated derivatives in expanded cultures from ES-like cell colonies as well as colonies of the three types in subclonal cultures were morphologically indistinguishable from their corresponding counterparts in parental MESl cultures. These data indicate that differentiated cells in the normal cultures are not due to co-existence of differentiated cell subpopulations, but to spontaneous differentiation of stem cells. Furthermore, the differences between the three types of colonies in their differentiation potential and AP-staining patterns reveal that the ES-like phenotype of MES 1 cells is associated with high AP activity.
MESI cells form embryoid bodies
A unique feature of mammalian ES cells is their ability to form tight cell aggregates in suspension culture, which develop into three-dimensional structures called embryoid bodies (EBs) (Robertson, 1987) . Differentiation is induced and/or enhanced during and after the formation of EBs. In order to test MESl cells for this property, dissociated cells were cultivated in non-adhesive plastic dishes in the presence or absence of retinoic acid (RA). After 1 day of suspension culture the majority of cells formed aggregates. These aggregates became steadily larger, denser and eventually developed into spherical structures. These structures were similar to EBs from murine ES cells. After 14 days approximately 30% of EBs grown in the presence of RA exhibited terminally differentiated cells, especially melanin-rich cells (Fig. 4D) . If 5-day-old EBs were transferred to gelatinized 24-well plates (5-20 EBs/well), melanocytes and neuron-like cells appeared in more than 50% of wells 10 days after replating (Fig. 4E ). Melanocytes were hardly obtained with EBs and their replated cultures in the absence of RA, although neuronlike cells appeared independent of RA treatments. Similar results were also obtained with expanded subclonal cultures from single ES-like cell colonies. These results indicate that MESl cells are responsive to differentiation induction and that differentiation of some cell types (e.g. melanocytes) requires both a chemical inducer as well as tight cell-cell interactions.
Discussion
ES cells provide a powerful system for the experimental analysis of vertebrate development. Their genetic manipulation allows the introduction of defined modifications into the mouse germline. In culture they provide a useful system for studying cell differentiation. Pluripotent ES cells derived from mice (Evans and Kaufman, 1981) and rat (Iannaccone et al., 1994) exhibit several peculiar features. In vitro they are characterized by (1) stable growth during long-term culture; (2) small size, sparse cytoplasm and large nuclei; (3) normal karyotype; (4) high alkaline phosphatase activity; (5) the ability to form tightly compacted colonies; (6) ability to grow in an undifferentiated state; and (7) ability to differentiate into many cell types under defined conditions. In this report we have shown that embryonic cell lines (MES) derived from the medakafish share all of these common in vitro properties with murine ES cells.
The ES-like property of MES 1 cells is at first indicated by their unique morphology which closely resembles that of mouse ES cells (Evans and Kaufman, 1981; Rathjen et al., 1990a; Iannaccone et al., 1994) as well as putative medaka ES cell cultures on feeders . This is further supported by the ability to form embryoid body-like structures in suspension culture as well as by their retinoic acid-induced differentiation. Evidence for the in vitro pluripotency of MESl cells was obtained from subclonal cultures. The finding that cells expanded from single ES-like cell colonies were repeatedly able to give rise to ES-like cells, differentiated cells and colonies of different phenotypes confirms the in vitro differentiation potential of MESl cells. In line with this notion is the ability of ES-like cell colonies to differentiate into colonies containing differentiated cell types. Moreover, subclonal cultures of ES-like cell colonies did not show any senescence during further subcultivation, whereas differentiated colonies were not able to survive.
A small number of MES cells differentiate spontaneously under normal culture conditions. However, this seems not to be a problem for their in vitro manipulation. Firstly, differentiated cells constitute only a minority under proper culture conditions. Secondly, they have a limited life span, and therefore can never overgrow stem cells. Finally, colonies consisting of pure ES-like cells can be easily identified, individually picked and expanded, allowing the isolation of ES-like cell clones by subclonal culture techniques. Spontaneous differentiation is not a specific feature of MESl cells, A comparable observation has also been made in murine ES cell cultures maintained on feeder layers (Robertson, 1987) . Spontaneous differentiation was also noticed in a putative medaka ES cell line on a feeder layer .
A major problem for cultivation of ES cells has been the requirement of specified conditions to support the isolation and maintenance of pluripotent stem cells in an undifferentiated state. In mice this has usually been achieved by using feeder layers (Evans and Kaufman, 1981) . In non-mammalian vertebrates such as fish no feeders have so far been conclusively tested for their ability to support long-term culture of ES cells in an undifferentiated state, since bona fide ES cell lines have not
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been available in fish. Our previous work has shown that medaka blastula embryonic cells initiated in the absence of any feeder cells and maintained for an extended period of culture in a LIF-free medium retained an ES-like cell phenotype (Hong and Schartl, 1996a) . In the present study we have presented evidence that cells from isolated medaka blastomeres can be expanded to pluripotent, ES-like cell lines, suggesting that a feeder is not necessary for the derivation of ES cell lines from lower vertebrates.
The undifferentiated state of mammalian ES cells in culture is mainly controlled by LIF (Nichols et al., 1990; Pease et al., 1990; Rathjen et al., 1990a,b) . In the present study LIF was used for the primary and early passage cultures of MES cell lines. However, MES cells retained an ES-like phenotype after long-term culture in the absence of LIF. In zebrafish embryonic cells cultured on feeders LIF has little effect on the melanocyte differentiation (Sun et al., 1995) .
Although basic fibroblast growth factor (bFGF) is usually not used for mouse ES cell cultures, it is nevertheless essential for MES cell cultures (Hong and Schartl, 1996a) . In zebrafish, besides its mitogenic activity, bFGF can irreversibly suppress melanocyte differentiation from embryonic cells on feeders (Bradford et al., 1994) . However, in the case of MES cells bFGF appears to be mainly a mitogen. It does not affect cell differentiation, as several differentiated cell types occurred spontaneously in primary and early passage cultures (Hong and Schartl, 1996a) and differentiation of some cell types (e.g. melanocytes) can be induced in its presence.
A unique component in ESM media which is crucial for long-term culture of MES cells is fish embryo extract (FEE). A mitogenic activity has been documented for FEE from several fish species including trout (Collodi and Barnes, 1990) , zebrafish (Sun et al., 1995) , medaka (Hong and Schartl, 1996a) and seabream (Hong, Bejar and Alvarez, unpublished) , suggesting that mitogenic activity may be ubiquitously present in developing fish embryos. The essential cell growth regulating factor(s) in FEE seems to be species-specific (Hong and Schartl, 1996a) .
The first mouse ES cell lines have been isolated and maintained on feeder layers of mitotically inactivated embryonic fibroblasts (Evans and Kaufman, 1981; Robertson, 1987; Wurst and Joyner, 1993) . However, the use of feeder layers has two major disadvantages.
It is difficult to analyze essential components of such co-culture systems because of complex interactions between stem and feeder cells. The existence of feeders also complicates manipulations of ES cells. In spite of these problems the feeder layer technique is usually favored for longterm maintenance and in particular, initiation of ES cell cultures (Doetschman et al., 1988; Notarianni et al., 1991; Iannaccone et al., 1994; Wakamatsu et al., 1994; Sun et al., 1995) . The feeder-free technique has been suggested only for short-term maintenance of ES cells (Wurst and Joyner, 1993) . One reason for this is a major concern about the maintenance of a normal chromosome constitution after long-term culture in the absence of a feeder. Although the differentiation of ES cells can be observed at early stages of culture and controlled in several ways, little is known about the mechanism underlying chromosomal changes. Nichols et al. (1990) obtained 15 ES cell lines by using a feeder-free system, but they found that only one line had a normal karyotype, with the remainder showing gross chromosomal abnormalities.
In contrast, the majority (27 out of 35) of mouse ES cell lines derived on feeders was initially euploid (Robertson et al., 1983) . This would indicate an advantage for the use of feeders. However, we have shown here, for the first time, that the three MES cell lines obtained in the absence of any feeder cells all have an eudiploid chromosome number. Furthermore, we have shown that the MESl cell line retains an apparently normal karyotype.
The derivation and maintenance of pluripotent ES cells have so far been limited to mammals. For the successful derivation of ES cell lines, early embryonic cells should be grown for a long time and kept undifferentiated in culture. We have shown that pluripotent ES-like cell lines can be derived from early embryos of the medakafish in defined conditions without using a feeder layer. This feeder-free approach will simplify in vitro manipulations of ES cells and may facilitate the isolation of ES cells also from other fish species. The normal chromosome complement and the in vitro differentiation potential of medaka ES-like cell lines are promising characteristics for gene targeting in fish by homologous recombination, However, ultimate proof has to come from transplantation experiments to determine if the medaka ES-like cells can colonize the germline when introduced back into medaka blastulae. 
Experimental procedures
Cell culture and AP staining
ESMl medium is DMEM containing 4.5 g/l glucose supplemented with 20 mM HEPES (pH 7.4), antibiotics (penicillin, 50 U/ml; streptomycin, 50&ml; ampicillin, SOpg/ml), glutamine (Gln, 2 mM), Na-pyruvate (1 mM), Na-selenite (2 nM), non-essential amino acids (1 mM), 2-mercaptoethanol (50 PM), human recombinant bFGF (10 ng/ml), human recombinant LIF (10 ng/ml; Upstate Biotechnology Inc., Lake Placid, NY), fish embryo extract (FEE) from medaka (1 embryo/ml), fetal bovine serum (FBS, 15%) and fish serum from trout (FS, 1%). This medium was used for primary and early passage cultures. ESM2 medium was derived from ESMl by reducing concentrations of bFGF (2 @ml), LIF (2 ng/ml) and FEE (0.4 embryo/ml).
ESM3 was modified from ESM2 by removal of LIF and increasing 2-ME (100 PM). Manufactured media and supplements were from Gibco BRL unless otherwise indicated. Preparation of FEE and FS, cell cultivation on gelatin-coated plasticware and AP staining were performed as described elsewhere (Hong and Schartl, 1996a) .
The differentiation of MES cell cultures is strongly dependent on cell density. For convenience of description, a cell density was defined as high, normal or low splitting density when a monolayer is formed l-3 days, 4-7 days or beyond 7 days after splitting, respectively. A cell density of 90-lOO%, 50-90% and ~50% relative to a full monolayer was referred to high, normal or low growth density, respectively.
Seeding efficiency and plating eficiency
Serial ten-fold dilutions were prepared from a monolayer culture. Trypan blue staining indicated 95% cell viability. Cells were seeded in 12-well culture plates. The following day, attached cells were released and counted. The number of attached cells was compared with the initial cell inoculum and this was used for calculating seeding efficiency.
Single cells were plated at clonal density (5-50 cells/cm2) in six-well plates or lo-cm culture dishes. Individual colonies were counted after 10 days. Only those colonies consisting of more than 50 cells were recorded. The number of colonies was compared with that of input cells and used for calculating relative plating efficiency.
Growth cycle
One ml of medium containing lo5 single cells were evenly distributed in 12-well plates. After 24 h nonadherent cells were removed and wells were checked for seeding efficiency. The medium was changed every 3 (1 ml; during first 6 days) or 2 days (2 ml; during subsequent days). Cells were counted daily (during first 3 days) or every 2 days until plateau was reached.
Cytogenetic analysis
For chromosome analyses, cells were incubated with colchicine (final 10 ng/ml) for 4-6 h. Cells were washed once with phosphate buffered saline (PBS) and dissociated in trypsin/EDTA solution for 3-4 min at room temperature. The trypsin/EDTA solution was removed and 1 ml of complete medium was added. A single cell suspension was transferred into 1.5-ml Eppendorf tubes. After centrifugation for 5 min at 5000 rpm, the cell pellet was resuspended in 0.1 ml of PBS, then 1 ml of 40 mM KC1 was gradually added to swell the cells. After 30 min of incubation, 0.2 ml of fresh fixative (methanol/glacial acetic acid 3:l) was added to stop the hypotonic treatment. The cells were sedimented as above. The cell pellet was resuspended in 1 ml of fixative. Cells were fixed for l-2 h with three changes of fixative. After final fixation and centrifugation, cells were resuspended in 0.1-0.5 ml of fixative and dropped onto cold wet slides. The slides were air-dried overnight at room temperature and stained for 15 min with 5% Giemsa in phosphate buffer (pH 6.8).
To prepare chromosomes from 2-to 5-day-old embryos, embryos were treated with 50 @ml colchicine for 3-5 h. The embryos were dechorionized with hatching enzyme (Hong and Schartl, 1996a) . A cell suspension was made by pipetting naked embryos in PBS. Chromosomes were prepared as described above.
Primary cultures from blastula embryos were obtained as described previously (Hong and Schartl, 1996a) , except that the ESM3 medium was used throughout. Primary cultures from advanced embryos were obtained as follows. Two-to 5-day-old embryos were dissected from the chorion, treated in trypsin/EDTA solution at 4°C for several hours and then incubated in 50,ul of trypsin/EDTA solution at 28°C for 5 min. Dissociated cells were seeded in six-well plates containing 2 ml of ESM3 medium. Chromosome slides were made after 3-7 days of culture.
For preparation of banded chromosomes, a BrdU-EDTA-Giemsa procedure revealing replication banding patterns (Takayama and Matsumoto, 1982) was performed with some modifications.
Cells were grown in the presence of 50pglml
BrdU (Sigma) and 1 pg/ml FdU (ICN) for 18-20 h. Colchicine (final 10 @ml) and actinomycin D (final 1 pug/ml, ICN) were added to the medium 2 h before harvest to accumulate metaphases and prevent chromosome condensation (Hong and Zhou, 1985) . Cell harvesting and chromosome slides were made as described above. To differentiate banding patterns, slides were directly stained with 2% Giemsa in 2% EDTA (pH 11.5) for 20-40 min at room temperature.
Differentiation experiments
Differentiation
was obtained by subculturing monolayer cells either in clusters (clumps of 3-8 cells) or as single cells at extremely low (lo2 cells/well of 12-well plate) or high density (lo7 cells/well of 12-well plate) and then continuously cultured for 7-60 days with regular medium changes.
In subclonal cultures single cells dissociated from a monolayer were plated in LO-cm dishes at clonal density (5-50 cells/cm2). After 15-20 days distinct colonies of 100-1000 cells were formed. The dishes were immersed in PBS for 20 min to loosen the cells. Cells of single colonies were carefully sucked up with a pipette, dissociated and cultured in 48-well plates. After expansions the cells were cultured in multiwell plates for a second round of colony formation.
To induce the formation of embryoid bodies (EBs) cells were cultured in suspension. Five ml of cell suspension (lo6 cells/ml ESM3 medium) were seeded on 6-cm bacteriological dishes. After 2 days the majority of cells participated in growing aggregates which developed further into three-dimensional structures. By day 5, the EBs were either replated on gelatin-coated plates for attached growth or kept in suspension culture for a period of up to 90 days. Medium was changed twice a week (as described for murine ES cell; Robertson, 1987) . For drug-induced differentiation, all-trans retinoic acid (RA; Sigma) was dissolved in dimethyl sulfoxide and added to cell cultures at a final concentration of l-5 PM.
